DRAFT

February 28, 2002

Table 10. Estimates of RBE of tritium beta particles for carcinogenesis endpoints®

Radiation and

Effect conditions RBE Reference
Mammary tumots in HTO and chronic X rays 12403 Gragtmans et al. (1984)
S-D rats
Leukemia in CBA/H HTO and chronic X rays 1.2+ 0.3  Myers and Johnson
mice (1991)

Tumors in C57B1/6N x  HTO and acute gamma ~1° Yokoro et al. (1989)
C3H/He mice rays

Transformation in HTO and acute X rays ~1 Suzuki et al. (1989)
hamster cells in vitro

Transformation in HTO and acute X rays 1-2 Little (1986)

mouse cells in vitro

Transformation in 10T% HTO and subacute 1.4-1.8  Yamaguchi et al. (1985)

cells gamma rays

Sec Table 1 of Straume and Carsten (1993).

® Authors did not provide a value of RBE but state that HTO was not very different from gamma

Tays.
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Table 11. Estimates of RBE of tritium beta particles for genetic endpoints®

Radiation and

Effect conditions RBE Reference
6-Thioguanine resistance in ~ HTO and chronic gamma 2.9 Ueno et al. (1989)
mouse cells in vitro rays
6-Thioguanine resistance in ~ *H-amino acid and chronic 2.6 Ueno et al. (1989)
mouse cells in vitro gamma rays
6-Thioguanine resistance in  Tritiated thymidine CH-Tdr)° 5.9 Ueno et al. (1989)
mouse cells in vitro and chronic gamma rays
6-Thioguanine resistance in ~ HTO and gamma rays at 107 Nakamura et al.
mouse cells in vitro mutant frequency (1985)

acute 1.5
chronic 2.4
Chromosome aberrations in -~ HTO and chronic X rays 3 Kamiguchi et al.
human sperm in vitro (1990)
Chromosome aberrations in =~ HTO and chronic gamma 1.9 Suyama and Etoh
fish lymphocytes in vitro rays (1985)
Chromosome aberrations in - HTO and chronic gamma 1.8 Matsuda et al.
mouse zygotes rays (1985)
Chromosome aberrations in Chopra and Heddle
CBA/H mice (1988)
lymphocytes HTO and X rays 1.1
spermatogonia HTO and X rays 1.2
Micronuclei in mammalian ~ HTO and chronic gamma 2.0 Ueno et al. (1982)
cells rays 2.7 Kashima et al.
(1985)
Mutations in Drosophila HTO and gamma rays 2.7 Byrne and Lee
spermatozoa (1989)
Mutations in mice in vivo HTO and chronic gamma 2.7 Nomura and
rays Yamamoto (1989)

Table is continued on following page.
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Radiation and

Effect conditions RBE Reference
Dominant lethals in male HTO and chronic gamma 2.5 Searle (1984)
mice rays
1-2 Carsten and
Commerford (1976)
Dominant lethals in female ~ HTO and chronic gamma 2.5 Xiang-yan et al.
mice rays (1986)
Specific locus mutations in ~ HTO and chronic gamma 2.0 UNSCEAR (1982)
male mice rays
Dominant lethals in male HTO and chronic gamma 2.5 Searle (1984)
mice rays
1-2 Carsten and
Commerford (1976)

3Sce Table 2 of Straume and Carsten (1993).
®Use of methyl-"H-Tdr resulted in identical RBEs.
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Table 12. Estimates of RBE for *H beta particles for chromosome
aberrations in human lymphocytes®

Radiation and conditions RBE Reference

HTO and acute X rays 1.9+0.7 Bocian et al. (1977), as refit by
Prosser et al. (1983)

HTO and subacute gamma rays 1494 0.21 Morimoto et al. (1989)

HTO and acute X rays 1.13+0.18 Prosser et al. (1983)

HTO and acute gamma rays 34406 Prosser et al. (1983) and Lloyd et
al. (1975)

HTO and subacute X rays 2.6 Vulpis (1984)

HTO and low dose Xrays 2.0 Estimated from Prosser et al.

(1983) and Lloyd et al. (1988)

?See Table 3 of Straume and Carsten (1993).
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Table 13. Estimates of RBE for *H beta particles for developmental
and related effects’

Radiation and

Effect conditions RBE Reference
Mouse embryo, two-cell HTO and chronic gamma rays 1.7 Yamada et al.
to blastocyte in vitro (1982)
Teratogenic effects in rat  HTO and chronic gamma rays 2.6 Satow et al. (1989)
embryos
Cell killing in vitro HTO and chronic gamma rays 1.3 Ueno et al. (1989)

IH-amino acids and chronic
gamma rays 1.7

Tritiated thymidine CH-Tdr)"
and chronic gamma rays 3.5

#Sec Table 4 of Straume and Carsten (1993).
®Use of methyl-*H-Tdr resulted in identical RBEs.
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Table 14. Summary of probability distributions of RBE factors to be used in estimating
probability of causation of cancers from exposure to various radiation types.

RBE factors to be used with risks per unit dose at high doses and high dose rates of gamma
radiation that are adjusted to low doses and dose rates by use of DDREF,

Exposure infoermation Probability distribution of RBE factor

95% confidence interval®

Radiation type Exposure Description 2.5" 50™ 97.5"
Photons Any®
B > 250 keV Single-valued — 1.0 —
E = 30-250 keV Hybrid (RBE, ,, ) 1.0 1.9 4.7
E<30keV RBE, ), x AF, 1.1 24 6.1
Electrons Any®
E > 60 keV Single-valued — 1.0 —
E=15-60 keV Same as 30-250 keV photons 1.0 1.9 4.7
E<15keV* Lognormal 1.2 2.7 6.0
Neutrons Not applicable
Alpha particles® Chronic’!  Stepwise-uniform® x EF, 3.0 26 86

RBE factors to be used with risks per unit dose at high doses and high dose rates of gamma
radiation, without adjustment to low doses and dose rates by use of DDREF,

Electrons Not applicable
Photons Not appiicable
Neuntrons
E=0.1-2 MeV" Acute Lognormal (RBE, ;) 1.5 6.7 30
Chronic RBE, ,; * EF, 1.8 8.9 47
E=10-100 keV, Acute RBE, ;/AF, 0.6 34 17
E=2-20 MeV Chronic RBE, j; % EF,/AF, 0.8 4.4 27
E <10 keV; Acute RBE, ,/AF, 0.3 1.7 8.7
E > 20 MeV Chronic RBE, ; x EF /AF, 0.4 2.2 13
Alpha particles Not applicable

See following page for footnotes and legend.

46



DRAFT February 28, 2002

Footnotes for Table 14

*Lower tails of probability distributions of RBE factors for photons, electrons, and neutrons
should be truncated at 1.0; probability distribution for alpha particles has lower bound of 1.0.
®For acute exposure to photons or electrons, estimated risks are adjusted by dose and dose-rate
effectiveness factor, DDREF,, that depends on the dose received. For acute doses greater than 0.2 Gy,
DDREF, = 1.0. For acute doses less than 0.2 Gy, a DDREF, that can exceed 1.0 is applied; the
distribution of possible values approaches DDREF, for chronic exposure as the dose approaches zero.
“Probability distribution assigns weight of 0.25 to value of 1.0 and weight of 0.75 to lognormal
d1str1but10n having 95% confidence limit between 1.0 and 5.0.
Energy range includes beta particles emitted in decay of °H and low-energy Auger electrons;
RBE factor does not apply to Auger-emitting radionuclides that are known to be incorporated into DNA.
*RBE factor is not applied to inhalation of radon and its short-lived decay products.
fAcute exposures to alpha particles emitted by radionuclides generally should not occur.
EProbability distribution has 15% of values in range of 1.0-10, 25% in range of 10-20, 30% in
range of 20-30, 20% in range of 30-40, 7.5% in range of 40-60, and 2.5% in range of 60-100.
BRBE factors for this encrgy range apply to fission neutrons.

Legend for Table 14

RBE,, RRBE factor at low doses and low dose rates of reference high-energy gamma radiation.

RBE RBE factor at high acute doses of reference high-energy gamma radiation; probability
distribution is applied at any dose and dose rate of neutrons.

AF Increase in biological effectiveness, relative to photons of energy 30-250 keV, for

photons of energy <30 keV; probability distribution is triangular (minimum of 1.0, mode

of 1.3, and maximum of 1.6).

EF, Factor representing inverse dose-rate effect for chronic exposure to alpha particles;
probability distribution is discrete (70% at 1.0, 20% at 1.5, 7.5% at 2.0, and 2.5% at 3.0).

EF, Factor representing inverse dose-rate effect for chronic exposure to neutrons; probability
distribution is discrete (50% at 1.0, 30% at 1.5, 15% at 2.0, and 5% at 3.0).

AF, Reduction in biological effectiveness, relative to fission neutrons, for neutrons of energy
10-100 keV or 2-20 MeV, probability distribution is lognormal (95% confidence interval
between 1.0 and 4.0).

AT, Reduction in biological effectiveness, relative to fission neutrons, for neutrons of energy
<10 keV or >20 MeV; probability distribution is lognormal (95% confidence interval
between 2.0 and 8.0).

DDREF, Dose and dose-rate effectiveness factor used to adjust risk estimates that apply at high
doses and high dose rates of high-energy gamma radiation to exposures at low doses and
low dose rates of low-LET radiations.
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Fig. 1. Calculated values of effective quality factor, 0, vs. photon energy under
conditions of charged-particle equilibrium given in Fig. 3 of ICRU (1986). Quality factor is
normalized to unity at energies of orthovoltage X rays often used in radiobiological studies: value
for gamma rays emitted in ®*Co decay is at right end of curve.
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Fig. 2. Calculated values of effective quality factor, (J, vs. neutron energy under
conditions of charged-particle equilibrium given in Fig. 4 of ICRU (1986).
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Fig. 3. Schematic representation of increase in RBE for fission neutrons with decreasing
dose given in Fig. C-2 of ICRU (1986). Maximum values at low doses are values of RBE,,.
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Fig. 4. Representation of linear and linear-quadratic dose-response relationships for
fission neutrons and X rays, respectively, in studies of induction of dicentric chromosomes in
human lymphocytes given in Fig. 1 of Edwards (1997). Separation of two curves at different
levels of response illustrates dependence of neutron RBE on dose, as shown in Fig. 3; RBE at

fow doses and low dose rates, RBE,, is determined by separation of neutron curve and linear
component of X ray curve.
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Fig. 5. Representation of linear-quadratic dose-response relationship for low-LET
raciations given in Fig. 2 of CIRRPC (1995). Dose and dose-rate effectiveness factor (DDREF)
is ratio of linear extrapolation at high doses, oy, to slope of dose-response curve at low doses, o,

and, thus, is a function of dose given by 1 + (B/a)D.
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Fig. 6. Radiation weighting factor, wy, vs. neutron energy currently recommended by
ICRP (1991) and NCRP (1993) and given in Fig. A.1 of ICRP (1991). Dashed curve is an
approximate given by eq. (4).
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Fig. 7. Variation of RBE,, with neutron energy for induction of dicentric chromosomes in
human lymphocytes shown in Fig. 6 of Edwards (1997; 1999). Solid circles are data of Edwards
etal. (1985: 1990). and open squares are data of Sevan’kaev et al. (1979).
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Fig. 8. Variation of RBEy, with neutron energy for transformation of C3H 10TV mouse
cells shown in Fig. 7 of Edwards (1997). Solid circles are data of Miller et al. (1989), and open
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relative to beta particles emitted by *°Sr and **Y, for induction of bone tumors in mammals given
in Fig. 7.3 of NCRP (1990); curves show pronounced dependence of RBE on dose.
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Fig. 10. Calculated values of effective quality factor, @, vs. alpha particle energy given
in Fig. 5 of ICRU (1986). Values apply to entire range of alpha particles of given initial energy.
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